ABSTRACT: We propose a method for generating Fano resonance in a standalone silicon nanobeam cavity which eliminates the inconvenience from the unexpected side-coupled bus waveguide and unlocks new opportunities to develop ultra-compact and ultra-fast electro-optical modulators.. Taking advantage from a spatial-division multiplexing principle of operation
between transverse electric modes, a sharp resonant mode and an efficient flat background mode are simultaneously generated in the same silicon channel for the realization of efficient Fano resonances. Unambiguous asymmetric spectrum lineshapes are thoroughly investigated using numerical and analytical methods and experimentally demonstrated in the near infra-red around =1.55µm, presenting an extinction ratio of about 17dB for a  =56 pm wavelength detuning for the 1 st cavity mode (Q-factor Q=34000), and higher than 23 dB extinction ratio for a  =366 pm detuning for the 2 nd cavity mode (Q=5600). These extinction ratios are 10~15 dB larger than their Lorentzian counterparts exhibiting similar Q factors. Silicon Fano modulation based on plasma dispersion effect is proposed, for which an energy consumption as low as few fJ/bit is estimated. Fano cavity scheme addressed in this paper presents a great potential for low power consumption silicon optical modulators and provides anew insight to the advantages of Fano resonances for optical modulation schemes.
Over the past decades, silicon has been determined to be the most promising platform for onchip optical interconnects and nanophotonics. The technology for passive devices on the siliconon-insulator (SOI) platform, such as beam splitters, polarization rotators, resonators, gratings for wavelength division multiplexing (WDM), and active devices like Si/Germanium based devices [1] [2] [3] have matured substantially. As key components, silicon optical modulators based on plasma dispersion effect have demonstrated high performances in terms of bandwidth, speed and extinction ratio 4 . However, the rapidly increasing demand for optical interconnects leads to the requirement of ultralow power consumption and tens-to-hundreds-gigabits devices.
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Micro-resonators including micro rings/disks and photonic crystal cavities, which feature small footprint and relatively small driven signal for high extinction ratio, have been found to be a promising solution to enable on-chip silicon modulation [5] [6] [7] [8] [9] [10] . and compact integrated photonic switches [11] [12] [13] . However, to ease the burden from the considerable photon lifetime in a highquality factor (Q) cavity, resonators designed for high bit rate modulators have limited Q factors of a few thousands, so that the photon decay rate can surpass the modulated bandwidth. This sacrifice on Q factors results in a larger power consumption of tens to hundreds of femtojoules 14, 15 for acceptable extinction ratio. Methods like different-signaled driving 16 and vertical P-N structures 17 for silicon disk resonators have been implemented to reduce to the power consumption. However, these kinds of doping schemes are complicated and challenging with respect to fabrication accuracy control. Therefore, new and simple solutions are expected for low power consumption and high-rate modulation.
In this context, Fano resonances, which arise from the interference of a discrete resonant mode and a continuum background 18 , present efficient transitions between waveguide reflection and transmission compared to Lorentzian kind cavities. This extraordinary behavior can be used to address the bandwidth-power trade-off of silicon resonant modulators and potentially minimize the power consumption of silicon switching and modulation devices. 
PRINCIPLE
A classical configuration of integrated Fano cavity is shown in Fig. 1 (a) . Basically, it consists of a bus waveguide and a side-coupled micro/nano cavity providing both the continuum and discrete resonances needed to the Fano interference mechanism 21 . A partially transmitting element is placed in the waveguide to provide a control of the amplitude of the continuum path.
The input mode is separated into both discrete levels and continuum physical channels, recombining and interfering at the output port, respectively.
The principle to obtain a Fano resonance is, basically based on the capability to separate the incident mode into two paths that can interfere at the output, one and the other being characterized by narrow ("discrete level") and wide ("continuum") spectral responses, respectively. We thus propose here a solution consisting in using a two-mode spatial multiplexing principle, taking care of the control of the spectral responses for each of both modes and to force their interference at the output. In this configuration, the two modes share the same physical channel, i.e a single optical waveguide. This concept is shown in Fig. 1 (b) . The standalone Fano cavity consists of a single-mode input waveguide, a nanobeam cavity which cross section supports two transverse electric-field (TE) modes, and a subwavelength mode mixer. The TE1/TE2 modes, which are schematically depicted by the blue/red dash curves in bottom left inset of Fig. 1 (b) , have symmetric/asymmetric fields within the waveguide crosssection, respectively. The Multimode Interference (MMI)-like operation allows a tight control of the balance between the excited TE1 and TE2 modes at the narrow/wide waveguide transition through the choice of the narrow (input) and wide (nanobeam) waveguides' widths, labelled i and n , respectively (see Fig. 1 (b) ). The key of the design is also to fix the effective indices of the two modes at sufficiently different values so that the TE1 mode strongly feels the influence of the cavity, thus generating a marked spectral resonance, while the second mode TE2
does not see practically the patterned holes of the waveguide and thus presents a very flat transmission spectrum (i.e. an ultra-wide resonance). The spectrum of both TE1 and TE2 modes are presented by the solid curves in Fig. 1 (b) at position 3. The nanobeam cavity is followed by a subwavelength mixer for inter mixing between the TE1-mode narrow resonance and the TE2- ratio (as shown hereafter). For input waveguide widths larger than 400nm, the summation of the TE1 and TE2 excitation efficiencies (i. e. the summation of blue and red curves in Fig. 2 (b) ) is close to 1, which also indicates a proper width range for low-loss injection. For the nanobeam cavity, a 50-holes array under a period of 300nm was considered. To obtain a resonant high quality (Q) factor and a high transmission for the TE1 mode, the hole radii were tapered from 100nm in the center to 70nm in a 15-periods length 33 . Extra 10-holes mirror sections with identical 70nm radius holes were added at the end of each taper. The total length of the nanobeam cavity was lower than 15 μm. The quality factor and the transmission were calculated using 3-dimension Finite-Difference-Time-Domain (3D FDTD) simulations. The calculated transmission spectra (from plane 2 to plane 3 in Fig. 1 (b) ) for both TE1 and TE2 modes are shown in Fig. 2 (c) . Since the hole radius profile near the cavity center slightly varies, the studied cavity presents 4 resonant modes in the 1500-1600 nm wavelength range. The simulated quality factor/transmission values for the 1 st and 2 nd cavity modes are 230000/50%, and 19000/80%, respectively. Considering that high photonic lifetimes are generally not expected in modulation structures, the estimated Q values is already large enough. In contrast, the nanobeam cavity provides high and broadband transmission for the TE2 mode and an average transmission larger than 90% is obtained in the wavelength range from 1500nm to 1600nm. Though a balanced transmission of these two modes is needed for perfect interferences that the response of the nanobeam cavity does not fully satisfy (the maximum transmission of the 1 st cavity mode of TE1 mode is about 40 % smaller than the average transmission of TE2 mode), the related excitation ratio can be easily engineered by adjusting the input waveguide width of the MMI-like structure to find the right balance between the two optical waves.
To mix both TE1 and TE2 modes after the nanobeam cavity (plane 4 in Fig. 2(b) ), which is probably the most essential point for Fano mode generation, a subwavelength mixer consisting of few rectangles (3, only, are enough in the typical studied configuration) made of asymmetricallylocated etch holes ( Fig. 1 (b) ) is placed after the nanobeam cavity. The period, filling factor, and length of the hole are Pe=200 nm, ff=0.5 and Le=400nm, respectively. Both TE modes in the nanobeam waveguide excite the first two order modes of the subwavelength structure, which are converted back into the TE1 mode again after the mixer. By carefully selecting the mixer length, we achieve a TE1-TE1 and the TE2-TE1 mixing efficiency of ~45% and ~35%, respectively.
These coupling efficiencies are obtained here from a 3-N (3 holes) subwavelength mixer (optimizing methodology for the subwavelength mixer is presented in supplementary materials).
The simulated propagating distribution corresponding to TE1 injection is shown in the middle right inset in Fig. 1 (b) . The mode interference behavior after the subwavelength mixer is an obvious signature of multimode generation. The transmissions of TE modes through the complete device (inset in Fig. 2 (d) ) including the input waveguide width wi=400nm, the MMIlike structure (Fig. 2 (b) ), the nanobeam cavity ( Fig. 2 (c) ), and the subwavelength mixer, are reported in fig. 2 
(d).
Unambiguous Fano line spectra for the TE1 mode (blue curve in Fig. 2 (d) ) and the TE2 mode (red curve in Fig. 2 (d) ) are observed, which confirms the proper interference mechanism of the resonant and the flat spectra. Interestingly and as it could be anticipated, the TE2 mode (red curve in Fig. 2 (d) ) also exhibits a Fano spectrum lineshape, since part of the TE1 and TE2 modes are indeed coupled to the TE2 mode as well after the mixer. Uncomplete destructive interferences marked by the appreciable but not complete Fano dips (transmission does not drop to 0) result from the unbalanced TE1/TE2 energy levels. Each of both Fano resonance behaviors can be separately optimized by adjusting either the TE1-TE1, TE2-TE1 mixing efficiencies or the TE2-TE2, TE1-TE2 ones.
ANALYTICAL DESCRIPTION OF FANO RESONANCE
To further study the generation of Fano resonances in such standalone cavity structures, we performed complementary analytical calculation using the temporal coupled-mode theory. The equivalent schematic view of the cavity dynamics is shown in Fig. 3 . The total structure can be considered as a two-port scattering system. I + , I − are the forward and backward field amplitudes from port I (left side port), respectively. II + and II − share the same definitions for port II (right side port). 1 = | 1 | 2 is the total transmission of the TE1 mode after the mixer (energy of TE1 mode in plane 4 normalized to that at plane 1). For a nanobeam cavity with a resonant frequency 
In which 1 and 2 are the phase factors of the cavity waveguide modes in the left and right ports, respectively. ∆ is the phase difference between the TE1 and TE2 modes, which is counted from the MMI-like interface to the front plane of the mixer. The reflectance of nanobeam mirrors for the TE1 mode is m (for a high-Q cavity, | m | can be considered as 1).
For steady state condition, da(t)/dt=0 and the field transmission coefficient for the TE1 mode through the whole structure ( 1 = | 1 | 2 ) can be written as: 
For symmetric cavity design, 1 = 2 , 1 = 2 , and for a highly confined cavity mode, 
The total transmission of the TE1 mode then goes back to a typical Lorentzian shape. 
Assuming that = ϵ, (10)
The first term of equation (10) To study the effect of excitation efficiencies and mixing efficiencies to the spectrum and for simplification, we assume that ∆ = 0, then = ϵ(−1 + ∆ ) + ∆ = 0 , we can simplify (10) to:
According to equation (11), we then adjust the energy ratio of the TE1/TE2 modes and the mixing efficiency to find the optimization operation point. The details are shown in Figs. 4 (a) and (b). In Fig. 4 (a) , the resonance wavelength, the transmission of the TE2 mode 2 in nanobeam, the quality factors Q1 due to coupling to feeding waveguide 1 , we obtain a total quality factor of = We also study here the effect of the mixer with different coupling efficiencies ( 11 and 12 ) on the Fano spectra, as shown in Fig. 4 (a) . The parameters (quality factors, wavelength etc.) of the nanobeam are identical to those reported in Fig. 4 (a) This trend, to some extent, provides a design strategy to target a trade-off between correct Fano lineshapes and large extinction ratio values.
EXPERIMENTS
The scanning electron microscopy (SEM) picture of a typical fabricated device is shown in Fig.   5 . The gap ( Fig. 1 (b) ) between the nanobeam waveguide and the side waveguide (ws=400nm) is 150nm. A straight coupling length of 16 μm was chosen to completely couple the TE2 mode in the nanobeam waveguide the TE1 mode in the side waveguide. Then the side waveguide was 18 turned into a bend waveguide with a radius of 40 μm for a good separation of both modes. The performances of this directional coupler were confirmed by 3D-FDTD simulations and from many fabricated devices characterizations. The mixer dimensions consisted of 3 rectangle etched holes with a 200nm period and a 50% filling factor, each rectangle hole having a length ( in Fig.   1 (b) ) of half n , i. e. of 200nm. The width of the input waveguide was chosen at 500nm since the experimental transmission of resonant mode was usually lower than the theoretical one.
Other parameters (e. g. nanobeam waveguide with n , numbers of holes, holes radii and holes tapering scheme) about the nanobeam cavity were directly considered from the design stages. The transmission curves of the full structure are shown in Fig. 6 (a) . Clear Fano lineshapes for the 1 st and 2 nd order cavity modes are observed, with resonance wavelengths located at around 1515 nm and 1531 nm, respectively, which turned to be coincident with the 3D simulation reported in Fig. 2 (d) . Simulated distributions for these two modes are presented in the insets of 
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In Fig. 6 (c) , we see that in a wavelength detuning of 56pm, the cavity optical transmission experiences a transition drop of about 17 dB. To experimentally obtain the quality factor, another device with same parameters but an input width of 700nm was further analyzed. This wide-input device can, be considered as a classical nanobeam cavity without any TE2 mode excitation ( Fig.   2 (b) ) in the MMI-like structure. According to our previous analysis, the transmission spectrum is then pretty close to a Lorentzian resonance. Using = ∆ ω 0
, a Q factor of ~32000 was obtained (the transmission of this Lorentzian spectrum is low and not shown in Fig. 6 (c) ). The determination of the Q factor value was also extracted from Eq. (10) Similar analysis for the 2 nd cavity mode was also performed and is presented in Fig. 6 (d) .
With a wavelength detuning of 366pm, more than 23.2 dB extinction ratio was obtained. The calculated asymmetric parameter q, the Q factor and the total transmission 12 were 1.894, 5600
and 0.1056, respectively (the phase variables for both cases were calculated to be close to zero and are not shown). An experimental Lorentzian spectrum with nearly the same Q-factor of 5600 is also reported (green curve) in Fig. 6 (d) for comparison. For the Fano spectrum, only 366 21 pm is needed for more than 23 dB extinction ratio. However such a high extinction ratio in a Lorentzian cavity requires up to a 2nm wavelength shift. We can notice here that a classical nanobeam cavity needs to raise its Q factor up to ~40000 to reach the same extinction efficiency.
Considering the unexpected long lifetimes in micro cavities 14 , the performance of our cavities exhibits an excellent potential for Fano resonance-induced efficient modulation and switching devices, i.e. far beyond classical Lorentzian nanobeam active cavities. 
DISCUSSION
Remembering that the limited quality factor (for high bit rate modulation) in a Lorentzian active cavity puts a practical ceiling to the extinction ratio and tends to increase the needed operating voltage swings (usually up to few volts 4 ), the most important merit of Fano resonance resonators is to improve the extinction ratio and power consumption by providing a sharp transition between reflection and transmission states. Since our design is intrinsically suitable for P-N modulator and switching integrated schemes, one significant further work is here to estimate the power consumption of electro-optic modulation structures based on the plasma dispersion effect and relying on the proposed standalone waveguide Fano scheme. 
Even considering a practical capacitance (that an experimental capacitance taking other capacitance and fabrication imperfection into account besides the depletion capacitance) of C=50fF like for recently reported ring resonators 14 , the Energy consumption per bit is still as low as 3.125 / . Such a low energy consumption per bit is impossible to be achieved in resonant modulators with a similar low Q of only 5600, let alone an extinction ratio as high as in this Fano cavity (23dB). For the 1 st cavity mode of Q~34000, (0.056nm shift for ER>15dB), the energy consumption per bit is decreased down to ≈ 0.5 / . Besides, asymmetric doping profiles could be further considered to optimize the active structure performances 37 .
CONCLUSION
In this paper, Fano resonance is achieved in a standalone silicon nanobeam cavity without any side-coupled bus waveguide, which opens huge potential for the development of optical and optoelectronic devices including integrated modulators and switches. By smartly using the modediverse response of a single nanobeam cavity, controlling the spatial-division multiplexing and mode mixing in the multimode waveguide section, we realize a sharp resonant mode and a flat background mode in the same silicon channel for flexible generation of Fano resonances.
Unambiguous asymmetric spectrum lineshapes were experimentally observed, presenting 16.6 dB extinction ratio within 56 pm wavelength detuning for the 1 st cavity mode (Q-factor Q=34000) and 23.2 dB extinction ratio within 366 pm detuning for the 2 nd cavity mode (Q=5600), which are much better than their Lorentzian counterparts with similar Q factors. We explored the mechanisms of the Fano spectrum line shapes in single-waveguides. Our investigation based on an analytical model and numerical calculation gave clear and quantitative explanation, suitable for optimization of the pseudo Fano resonances. The energy consumption of active modulation or switching single waveguide Fano cavities using the plasma dispersion effect was estimated to be less than few fJ/bit, giving competitive potential to further low power consumption silicon optical modulators operating at high-data bit rates (>>1Gbits s -1 ). We believe that the proposed Fano cavity scheme addresses the deadlock of integrated cavities for efficient optical modulation in single silicon waveguide geometries.
METHODS

Fabrication and Characterization.
A silicon-on-insulator (SOI) wafer with 220nm silicon thickness was used for fabrication. Device fabrication was based on Electro-Beam lithography, ICP-RIE etching and wet cleaning process 38 . A tunable laser (Yenista TUNICS -T100S) operating in the 1520-1640nm wavelength range, a polarizer, and a power meter (Yenista CT400), were used for charactering the devices. A couple of grating couplers are used for fiberchip in and out interfacing. All the transmission curves are normalized to straight waveguides with identical grating couplers.
ASSOCIATED CONTENT
Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI:
